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Abstract 
Based on a physicochemical model of the fluorination of tungsten metal fluorine, we derived an equation for calculating the 
completeness of the use of fluorine depending on the dimensions of the reaction surface, fluorine feed as well as the temperature 
and the activity of the tungsten surface, which determine the value. The process of WF6  synthesis based on two-fold iteration 'the 
fluorination of tungsten – WF6 condensation', which provides the performance of 5.22 kg/hour WF6, the completeness of the use 
of fluorine >99.99% and the emission of harmful gases within maximum permissible concentration. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Tungsten hexafluoride is used for obtaining tungsten products of different shapes and sizes as well as for the 
application of various coatings1. It is obtained fluorination of tungsten metal with a flowing fluorine and subsequent 
condensation of the product obtained2,3. However, the published works achieved the relatively low completeness of 
the use of fluorine, which, in the industrial use of the process, requires the mitigation of gases coming out of the 
circuit of process units. 
The present work is devoted to the development of physical and mathematical model of the process of 
fluorination of tungsten metal in a fixed bed and the creation of the circuit of process units on its basis, which 
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achieves the high completeness of the use of fluorine while the amount of exhaust gases does not require additional 
mitigation measures. 
2. Description of calculations 
To implement the process of fluorination, fluorine gas is passed over a tungsten metal layer. Passing along the 
reactor, fluorine reacts with tungsten and forms WF6. As a result, the fluorine concentration in gas flow is decreased 
due to fluorine content reduction and dilution of its nascent WF6.  As a consequence, the rate of the fluorination 
reaction is decreased.  Furthermore, the volume and gas flow rate decrease as well. The original fluorine flow q0, 
mol/hour, enters the reactor. The fluorine concentration in the original gas flow equals to NF20, mol. fraction. At the 
first reactor inlet NF20 = 1. 
For the mathematical description of the process, let us select an infinitely small area (∂l) over the length of the 
reaction surface, where the parameters of the process can be considered constant.  In this zone, the current gas flow 
is q, mol/hour, with the fluorine concentration of NF2, mol. fraction and WF6 of NWF6 mol. fraction. The decrease in 
the fluorine concentration (∂NF2) in gas flow over the length (∂l) can be presented as follows: 
 െ߲ ிܰమ ൌ ଷడ௠஺ೢ௤  , (1) 
where ∂m is the reduction of the tungsten mass expressed in g/hour; AW is the tungsten atomic mass (Aw = 184), 3 is 
the coefficient with a tungsten atom binding three molecules of fluorine. 
The reduction of the tungsten mass (∂m) can be expressed as follows: 
 ߲݉ ൌ ߛ௪ܸܵ߲݈ , (2) 
where γw stands for the tungsten density of 0.0192 g/mm3ǢS stands for the width of the tungsten surface layer 
expressed in mm; V is the fluorination reaction rate expressed in mm/hour as the decrease in the tungsten layer 
thickness expressed in  and calculated with reference to a 100% density.  
The fluorination reaction rate can be expressed by the following equation: 
 ܸ ൌ ܭ ிܰమ  , (3) 
where K stands for the reaction rate constant under reference conditions.   
The ratio between (q) and (NF2) can be obtained on the basis of the following arguments: fluorine reacted up to 
zone (∂l) in the amount of q0 NF20 – q NF2, mol/hour. Respectively, WF6 of ⅓ (q0 NF20 – q NF2), mol/hour, was 
formed. Flourine remained in gas flow in the amount of q NF2 mol/hour. The fluorine concentration in gas flow is as 
follows: 
ிܰమ ൌ
௤ேಷమ
೜బಿಷమ
బ ష೜ಿಷమ
య ା௤ேಷమ
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ଶ௤   (4) 
From equation (4), it follows that: 
 ݍ ൌ ௤
బேಷమబ
ଷିଶேಷమ
  (5) 
By substituting formulas (2), (3) and (5) into equation (1) we obtain:  
 െ߲ ிܰమ ൌ
ଷఊೢ ௄ேಷమ൫ଷିଶேಷమ൯ௌ
஺ೢ௤బேಷమబ
߲݈  (6) 
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After separating the variables, integrating and determining the integration constant (from the condition: if l = 0, 
NF2 = NF20 = 1), we obtain: 
 
ଷିଶேಷమ
ேಷమ
ൌ ݁଴Ǥ଴଴଴ଽଷଽ௄
ೄ೗
೜బ  (7) 
then 
 ிܰమ ൌ ଷ
ଶା௘బǤబబబవయవ಼
ೄ೗
೜బ
  (8) 
The completeness of the use of fluorine (αF2, fractions) is equal to: 
 ߙிమ ൌ
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௤బேಷమబ
ൌ ͳ െ ௤ேಷమ௤బேಷమబ   (9) 
Given equation (5): 
 ߙிమ ൌ ͳ െ
ேಷమ
ଷିଶேಷమ
  (10) 
Given equation (7): 
 ߙிమ ൌ ͳ െ ݁
ି଴Ǥ଴଴଴ଽଷଽ௄ೄ೗೜బ  (11) 
Taking into account equation (11), processing the experimental data presented in studies2,3 allows calculating the 
fluorination reaction rate constant for various process conditions and types of fluorinated tungsten:     
 
Temperature, K W-powder, < 5 μm W-powder, < 80 μm W-waste, ~2 mm 
573 0.155 – – 
653 – 0.277 0.213 
 
Equation (11) and the values of the fluorination reaction rate constant (K) given above allow calculating the 
completeness of the fluorine according to the dimensions of the reaction surface (Sl) and the gas flow rate (q0).  Two 
factors determine the completeness of the use of fluorine. Value K reflecting the fluorination reaction rate depends 
mainly on the temperature of the reaction surface and its activity. So does value Sl/q0, that can be considered 'the 
criterion of the process efficiency. It is proportional to the time of the contact of the gas mixture with the reaction 
surface. The completeness of the use of fluorine (αF2) for different values of Sl/q0 at the first tungsten powder 
fluorination stage with the particles ൏ 5 μm at a temperature of 300°C (the numerator contains the experimental 
data, the denominator contains the calculated data): 
 
Sl/q0, mm2 hour / mol 1500 3500 4900 9800 13200 15200 19000 
αF2, % 19 [3] / 19.6 39 [3]  39.9 50 [3] / 51.0 73–78 [3] / 76.0 86 / 85.4 90 / 89.1 93.5 / 93.7 
 
Good agreement between the calculated and experimental values of the completeness of the use of fluorine in a 
wide range of the process variables allows using the described technique for optimizing the equipment size and 
fluorination variables.      
     After the first stage of fluorination, the gas mixture is directed to condensation at a temperature of 2.5 - 3°C. 
At this temperature, WF6 is condensed in the liquid state and drains to the lower storage leaving the condensation 
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surface clean (without skull). A vertically arranged stainless heat exchanger with 7 or 19 pipes 40-60 mm in 
diameter and ̱1 meter high can be used for condensation. The coolant is fed into the tubular annulus, and the gas 
passes through the pipes downward. The content of WF6 gradually decreases in the gas mixture and increases in the 
fluorine content to achieve equilibrium vapour pressure of WF6, which at a temperature of 2.9 amounts to 57 KPa4, 
which corresponds to its content of 57% mol. in the gas mixture. When the completeness of the use of fluorine is 
less than 80%, gas mixture with a WF6content less than 57 mol%. will be obtained, i.d. below equilibrium pressure.   
WF6cannot be condensed from such mixture at a temperature of 2.5 - 3°C.  
      After condensation, the gas mixture containing unreacted fluorine should be directed to the second stage of 
fluorination. To calculate the completeness of the use of fluorine at the second stage of fluorination, let us present 
arguments similar to those described above while deriving equations (4) and (5). At the second stage, gas flow is fed 
at q02, mol/hour, including a fluorine content of 0.43 and a content of 0.57.  Along with the abovementioned, before 
the infinitely small zone (∂l2) was found, the amount of reacted fluorine was (0.43q02 – q2 NF22) at the second stage 
reactor, which formed WF6 in an amount of ⅓ (0.43q02 – q2NF22), mol/hour. The fluorine concentration (NF22) in gas 
flow in zone (∂l2) can be expressed as follows:     
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hence, it follows that 
 ݍଶ ൌ ଶǤଵସ௤బమଷିଶேಷమమ  , (13) 
Substituting equation (5) for equation (13) in equation (1) we obtain: 
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After separating the variables, integrating and determining the integration constant (from the condition: if l = 0, 
NF22 = 0.43), we obtain the following formula for estimating the completeness of the use of fluorine (αF22) at the 
second stage of fluorination: 
 ߙிమଶ ൌ ͳ െ ݁
ି଴Ǥ଴଴଴ସଷ଼଼௄ೄమ೗మ೜బమ  , (15) 
wherein S2 and l2 stand for the width and length of the reaction surface at this stage, expressed in mm. 
Achievement of the high degree of the completeness of fluorine at this stage (αF22) requires higher values of 'the 
criterion of efficiency' (S2l2 / q02).   This can be easily implemented due to drastic decrease in gas flow at the second 
stage of the process (q2).     
     Condensation of WF6 at a temperature of 2.5-3°C from the mixture containing a small amount of non-
condensable fluorine with drastic decrease in gas flow (by >1000 times), which contributes to achieving the 
equilibrium concentration of WF6. The amount of unreacted fluorine (mF2, g/hour) came out of  the second capacitor 
is determined by: 
݉ிమ ൌ ͲǤͶ͵ݍ଴ଶ൫ͳ െ ߙிమଶ ൯݋ݎ݉ிమ ൌ ݍ଴൫ͳ െ ߙிమଵାଶ൯͵ͺ , (16) 
wherein 38 is the mass of fluorine expressed in gram-moles. 
The completeness of the use of fluorine (αF21+2) is calculated as follows: 
 ߙிమଵାଶ ൌ ͳ െ ሺͳ െ ߙிమሻሺͳ െ ߙிమଶ ሻ  (17) 
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In the actual process with a fluorine feed of 2 kg/hour (qF20 = 52.6 mol/hour), the tungsten powder surface area 
(particles of ൏ 5 μm) amounting to 800,000 mm2 and a temperature of 300°C (K = 0.155) at the first stage of 
fluorination, the completeness of the use of fluorine reached 89.9% (calculated by the tungsten mass loss of 2.902 
kg/hour). Calculated value αF2 = 89.1%. The gas mixture of 21.36 mol/hour containing 73.2% mol. WF6 and 26.8% 
mol. fluorine was fed by the first fluorinator to the capacitor. We obtained WF6 of ̱ 2.39 kg/hour over the first 
condensation. The mixture of 13.33 mol/hour containing 57% mol. WF6and 43% mol. fluorine came out of the 
capacitor.  
At the second stage of fluorination, the tungsten powder surface area amounted to 924,000 mm2, the working 
temperature was 350°C (K = 0.249), and q02 =13.33 mol/hour. The completeness of the use of fluorine at this stage 
(as calculated by the tungsten mass loss) reached more than 99.9%. Calculated value αF22 = 99.95%.  The total 
completeness of the use of fluorine (αF21+2) reached 99.994% (calc.).   
According to the calculated data, the gas mixture of 9.513 mol/hour containing 99.97% mol. WF6and 0.03% 
mol. fluorine was fed by the second fluorinator to the second capacitor. We obtainedܹܨ଺ of ̱2.83 kg/hourover 
the second condensation. The mixture of 0.007 mol/hour containing 57% mol. (1.15 g/hour) WF6 and 43% mol. 
(0.11 g/hour) fluorine came out of the capacitor. 
  Upon the dilution of the gas mixture coming out of the second capacitor with ventilation gases of ̱5000 
m3/hour, the fluorine concentration decreases up to 0.022 mg/m3, and WF6 decreases up to 0.23 mg/m3, which is 
significantly lower than the corresponding maximum permissible concentrations.                                                                    
The concentration of WF6 in waste gases can be reduced by ̱ 100 times by letting them through a vessel of 2-3 
litres in volume cooled down by ‘dry ice’ (solid CO2) up to -78°C.  
      The described  technology of synthesis of by fluorination of tungsten metal by flowing fluorine in reactors 
with a fixed bed of fluorinated metal allows obtaining WF6 with a capacity of 5.22 kg/hourwith the completeness of 
the use of fluorine > 99.99%, thus, providing emission of unreacted fluorine and  significantly below the maximum 
permissible concentration.  
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